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ABSTRACT 
In -3% of Neurospora mama rearrangements,  part of a chromosome  arm becomes attached  to  the 
nucleolus  organizer  region (NOR)  at  one  end of chromosome 2 (linkage group V). Investigations with 
one inversion and nine translocations of this type are reported here. They appear genetically to be 
nonreciprocal  and terminal.  When  a rearrangement is heterozygous, about one-third of viable progeny 
are segmental aneuploids with the translocated  segment present  in two copies, one in  normal position 
and  one associated with the NOR. Duplications from many of the  rearrangements  are highly unstable, 
breaking down by loss of the NOR-attached segment to restore normal  chromosome sequence.  When 
most of the  rearrangements  are homozygous, attenuated strands can be seen extending  through  the 
unstained  nucleolus at pachytene, joining  the translocated distal segment to the  remainder of chromo- 
some 2. Although the  rearrangements  appear genetically to be nonreciprocal, molecular evidence shows 
that  at least several of them are physically reciprocal, with a block of rDNA repeats  translocated away 
from  the NOR. Evidence that NOR-associated breakpoints are  nonterminal is also provided by inter- 
crosses between pairs of translocations that transfer  different-length  segments of the same  donor-chromo- 
some arm  to  the NOR. 
w EN chromosome  rearrangements such as recip rocal translocations are heterozygous, meiotic 
segregation generates  aneuploid products that contain 
deficiencies together with duplications. Meiotic prod- 
ucts that  are deficient for essential genes are inviable in 
the haploid vegetative phase of fungi, which is equiva- 
lent to the gametophyte of plants. In plants transloca- 
tions can be detected on  the basis  of pollen abortion in 
heterozygous crosses,  as  first  shown by BELLING (1925). 
With fungi such as Neurospora,  the  corresponding re- 
sult is ascospore abortion. Euploid ascospores become 
pigmented in Neurospora,  but those that contain invia- 
ble deficiency products usually remain colorless. Hetero- 
zygosity for a deficiency-generating rearrangement is 
therefore signalled visually, and  the frequencies of  asci 
containing various patterns of  colorless ascospores pro- 
vide a basis for inferring the type of rearrangement 
(MCCLINTOCK 1945; ST. LAWRENCE 1953; PERKINS 1974). 
Over 300 rearrangements  detected by ascospore 
abortion have been diagnosed genetically and  mapped 
to linkage groups in Neurospora crassa. A majority of 
the  rearrangements  are reciprocal translocations, from 
which each  aneuploid meiotic product of a heterozy- 
gous cross contains  both  a  duplication and a deficiency. 
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However, a substantial portion of the total are inser- 
tional or quasiterminal rearrangements in which one 
of the  aneuploid  recombinant  products contains a  du- 
plication but does not contain any apparent deficiency. 
These  nondeficient duplication products  are viable and 
become fully pigmented. 
The rearrangements we call quasiterminal behave ge- 
netically  as terminal: one breakpoint maps to the  end 
of a genetic linkage group.  It can be concluded that 
no essential single-copy gene is located distal to that 
breakpoint, because the duplication products would 
necessarily be deficient for such a  gene if it existed, and 
they are in fact viable. Whether  the genetically terminal 
breakpoint is also  physically and cytologically terminal 
is a question that will be addressed in this paper. In 
general, the known existence of distal repetitive se- 
quences and the necessity that  he  breakpoint be 
capped by a telomere make quasiterminal rather than 
terminal the  preferred usage. 
In all, 34 quasiterminal rearrangements have been 
identified and  mapped, involving 10 of the 14 chromo- 
some tips. Ten of the quasiterminal rearrangements 
involve the nucleolus organizer region (NOR) in the 
short  arm of chromosome 2 (left end of linkage group 
V). Figure 1 shows the  normal nucleolus-bearing chro- 
mosomes at pachytene. Information on each of the 10 
NOR-related rearrangements is summarized in the Ap- 
pendix. 
Neurospora rearrangements that involve the NOR 
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FIGURE 1.-Sketches of normal sequence chromosome 2 
bivalents made by BARBARA MCCLINTOCK, showing typical 
chromomere  patterns  and  attached nucleolus as seen  at pa- 
chytene in  preparations  made using  orcein. 
have been highly informative. Several have been the 
subject of previous reports (BARRY and PERKINS 1969; 
PERKINS et al. 1984, 1986; BUTLER and METZENBERG 
1990; BUTLER 1992).  The  remainder have not  been de- 
scribed previously beyond listing as to their origins 
(PERKINS et al. 1993). 
In  addition to bringing  together  information on all 
10 NOR rearrangements, the present paper provides 
photographs of pachytene pairing and gives evidence 
that most of the  rearrangements  are  in fact physically 
nonterminal, having originated by reciprocal exchange 
that transferred a short segment of rDNA repeats to 
the  breakpoint  in  the other chromosome.  It is shown 
that normal-sequence progeny can be obtained from 
crosses between pairs of translocations in which seg- 
ments of the same chromosome  arm have been translo- 
cated to the NOR, provided that breakpoints in the 
non-NOR chromosome are separated by an interval 
within  which crossing over can occur. 
MATERIALS AND METHODS 
Strains and genetic  methodology: Origin of each  rear- 
rangement is given in  the Appendix,  where reference strains 
are identified by Fungal Genetics Stock Center (FGSC) num- 
bers. Standard wild  types were the  Oak Ridge-derived strains 
740R23-1VA and ORSa  (FGSC  2489 and 2490).  Rearrange- 
ments were identified,  characterized and scored as described 
by PERKINS (1974), except that $’(RL) testers have recently 
replaced the $’(OR) strains used earlier (PERKINS and POL- 
LARD 1989) to avoid the  background  “noise” of white asco- 
spores that is characteristic of crosses between inbred OR 
strains. [The$’(RL) testers were used mainly for  the transloca- 
tions prefaced UK.] Crosses were made at 25” on synthetic 
cross medium (see DAVIS and DE SERRES 1970 for  formula). 
Cytology: Pachytene chromosomes were examined using 
either aceto-orcein  staining (BARRY 1966) or acriflavin stain- 
ing  and fluorescence microscopy (RAJu 1986). The fading of 
fluorescence is retarded when the squashed asci are  mounted 
in  a drop of dithiothreitol  (5  mM). For examining nucleoli 
at stages other  than pachytene,  a  propionic-iron hematoxylin 
procedure was used, as described by RAJU and NEWMEYER 
(1977) and RAJu (1978). Hematoxylin stains the nucleolus 
intensely; acriflavin and  orcein  do  not. 
Plasmids, enzymes,  and  molecular  procedures: The rDNA 
plasmids and molecular weight standards were as described 
by BUTLER and METZENBERG (1989). Enzymes were purchased 
from  the Promega Corporation. Procedures were as described 
by BUTLER (1992),  including pulsed field gel electrophoresis 
using the CHEF apparatus described by CHU et al. (1986). 
Background  information on quasiterminal  rearrangements 
Crosses homozygous for the same rearrangement are fully 
fertile, with effectively all ascospores viable and black when 
mature. When  a  quasiterminal  translocation is crossed by nor- 
mal chromosome  sequence, one-fourth of ascospores are ex- 
pected to carry lethal deficiencies and remain unpigmented. 
These will be called “white”. One-third of the viable black 
ascospores carry the complementary duplication. With het- 
erozygous quasiterminal pericentric inversions, the propor- 
tion of viable progeny that contain  a  duplication depends  on 
breakpoint position, approaching  one-third as length of the 
inversion increases. 
Figure 2 shows  how patterns of aborting ascospores in indi- 
vidual asci reflect the results of meiotic recombination and 
segregation (see PERKINS 1974; PERKINS and BARRY 1977). A 
quasiterminal translocation to  the NOR-bearing end of link- 
age group V is used as an example. The viable aneuploid 
progeny contain two copies of the segment from the non- 
NOR chromosome: one copy attached  to  the NOR and  one 
in its normal position. If the  parental cross is heterozygous 
for alleles at a marker locus in the translocated segment, 
the marker will be heterozygous in most of the duplication 
progeny. 
As with other duplication-generating rearrangements, 
breakpoints in the  donor chromosomes can be placed pre- 
cisely on  the genetic map by tests of marker coverage (PERKINS 
1974, 1986). Table 1 provides an example. When a break- 
point-linked recessive marker of the untranslocated donor 
chromosome  enters  the cross from  the normal  sequence  par- 
ent,  apparent allele ratios based on  the viable progeny will 
be 2 dominant:l recessive if the locus is contained in the 
duplication (hence distal to the breakpoint). But the ratios 
will be 1 dominant:2 recessive if the marker is not in the 
duplicated segment  (hence proximal to the breakpoint  in the 
donor  chromosome). 
We show here  that several of the NOR rearrangements  are 
in fact physically reciprocal. However, because they behave 
genetically as though they were terminal and nonreciprocal, 
we have retained  the symbolism T(X+ V) rather  than adopt- 
ing  the usual symbol for reciprocal translocations, T(X;V). 
RESULTS 
In the text that follows, we examine significant ge- 
netic characteristics of the NOR rearrangements, pres- 
ent new  cytological observations, provide molecular 
and genetic  data  that indicates that  at least some of the 
rearrangements are reciprocal rather than terminal, 
and present evidence that  the instability of duplications 
results from physical loss rather  than inactivation. An 
explanation is proposed for the unexpected appear- 
ance of exceptional normal-sequence strains among  the 
progeny of intercrosses between different transloca- 
tions that  share  the same donor chromosome. 
Genetic characteristics of the rearrangements: Ter- 
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B. ASCUS TYPES AND ORIGINS 
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centmmeres to same pole 
No crossover, alternate Interstitial crossover No c~~ssovex, adjacent 
centmomexes to s a m e  pole 
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FIGUKE 2,"Origin of diagnostic ascus  types by meiotic segre- 
gation in a cross that is  hetero7,ygous for  a quasiterminal translo- 
cation having one breakpoint in the nucleolus organizer region. 
0, complete and broken NORs. T(IIR + I/L)ALSl76 X Nomnal 
is used as an example. (A) Diagram of' pachytene pairing. (B) 
The four meiotic products that result from different modes of 
centromere segregation and recombination. If alternate centro- 
meres of the quadrivalent go to the same pole at  anaphase I, 
the result is an 8B:OW parental ditype ascus.  If adjacent centro- 
meres go together, the result is a 4B:4W nonparental ditype 
ascus.  If crossing over occurs in a breakpoint-centromere inter- 
val,  all four products are different in the resulting 6B:2W ascus. 
Of the viable ascospores in a tetratype ascus, two are normal 
sequence, two translocation sequence,  and two are duplications. 
The white ascospores are inviable because they contain the 
complementary deficiency. ( C )  Observed frequencies of' ascus 
types for translocation A I S 1  76 X Normal. The few 2B:6W and 
OB8W asci are attributed to failures of disjunction or to other 
accidents affecting ascospore viability. 
minal segments from six different chromosome arms 
are  transferred to the NOR in the  nine translocations 
and  the inversion (Figure 3 ) .  Length of the segments 
varies from a  complete arm (translocation ALS176) to 
a cytologically short distal piece that contains only one 
known genetic  marker  (translocation NMl69d). 
Behavior of the 10 rearrangements is that generally 
expected of quasiterminal rearrangements. (See Rack- 
gound in fomat ion in MATERIALS AND METHODS.) Be- 
cause the NOR is >30 map units from  the  centromere, 
6B:2W asci are numerous in crosses heterozygous for 
the translocations. The types, frequencies, and origins 
of  asci were  shown in Figure 2 for translocation ALS176, 
as an example. When inversion UK2-y is heterozygous, 
the  pattern of aborted ascospores resembles that of the 
translocations. This result is expected because the inver- 
sion is so long  that  both single and double exchanges 
are  frequent within the inverted segment. 
In  contrast to the  properties  shared in common, sig- 
nificant differences in genetic behavior are  found 
among the 10 rearrangements, presumably a conse- 
quence of differences in the location of breakpoints 
and in the  nature of the new chromosome  junctions. 
The duplications that  are  produced meiotically by the 
different  rearrangements differ not only in content  but 
also in stability. 
Duplications generated by most of the NOR-associ- 
ated  rearrangements  are mitotically unstable. Loss  typi- 
cally involves detachment of the translocated segment 
from the NOR (Table 2).  The rate at which duplicated 
segments are  deleted differs dramatically for  the differ- 
ent rearrangements. With translocation ALS182, the ear- 
liest  tests that can be made show that all cultures from 
duplication ascospores already contain some nuclei that 
have lost the duplicated segment. When crossed, these 
progeny appear to be euploid normal sequence, and 
they are indistinguishable from wild type with respect 
to fertility. Because each such culture remains hetero- 
karyotic and contains both breakdown nuclei and dupli- 
cation nuclei, complementation of recessive markers 
still occurs, enabling duplication progeny to be identi- 
fied as such and to be used in mapping by duplication 
coverage. Duplications from translocation are 
also  highly unstable. More than 90% of nuclei are esti- 
mated to have broken down in vegetative cultures from 
AK190 duplication ascospores (BUTLER 1992). 
At the opposite extreme, translocation NMl69d pro- 
duces duplication progeny that are mitotically stable, 
retaining  the  barren  phenotype  that is commonly char- 
acteristic of duplications from rearrangements  that do 
not involve the NOR.  Evidence will be given  below that 
no rDNA has been translocated to the  donor chrorno- 
some in NMlGSd, which differs in this respect from 
ALS182 and AR190. 
Inversion UK2-y resembles the previously described 
quasiterminal inversions h ( l L  + IRIH4250 (NEWMEEK 
and TAYLOR 1967) and In(IL + IR)NMl76 (TURNER el 
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TABLE 1 
Marker  coverage in duplication  progeny  from  a  cross  heterozygous for translocation T(ZR "* VL)AR190 
- 
Meiotic  pairing in T(IR + VL.)AK190 A X Normal sequence un-2 his-2 a: 
T 
h """" 0 """"_""""" / 
Progeny  phenotypes 
Un-2 His-2  Numbers observed Constituti n  Chromosome  distributi n 
+ + 36 Translocation  noncrossover T + T' 
34 Normal  noncrossover N + N' - - 
+ - 0 IR deficiency;  inviable T + N' 
+ 21" IR duplication; hid"/his-2 N + T' - 
These  results  show that his-2 is included in the  duplicated  segment  but un-2 is not.  The  breakpoint must therefore  lie  between 
" The 21 pseudorecombinants are noncrossovers that resulted  from  segregation  of  normal-sequence  linkage-group I with the 
the two gene  loci. 
IR + VL translocation  chromosome. 
al. 1969) in  its  topology and genetic behavior, except that 
the duplications produced by UK2-y are  more unstable. 
Cytological observations at pachytene in heterozy- 
gous  and  homozygous  crosses: For most purposes the 
most definitive pachytene analysis is made using orcein, 
which  reveals fine details of chromosome morphology 
and enables the small nucleolus satellite to be seen 
when it is present (MCCLINTOCK 1945; SINGLETON 1953; 
ST. LAWRENCE 1953). Drawings  of orcein-stained trans- 
location quadrivalents are given in Figures 4 and 5. 
Although the nucleolus is lightly stained or unstained 
with orcein,  the chromosome threads joining VL to the 
terminus are so attenuated within the large nucleolus 
that they are usually not visible.  However, strands within 
the unstained pachytene nucleolus can readily  be visual- 
ized when pachytene chromosomes are stained with 
acriflavin and examined by fluorescence. Figure 6 shows 
acriflavin-stained pachytene bivalents in rearrangement 
homozygotes.  With  most of the rearrangements, the seg- 
ment translocated onto  the NOR  can  be seen extending 
from one side of the ghost nucleolus, while the chromo- 
some 2 bivalent extends from the other side, with a 
prominent  chromomere typically abutting  the nucleolus. 
Thin chromatin threads can be seen extending  through 
the nucleolus, joining  the two brightly staining chromc- 
some segments that  extend from the opposite sides. Four 
chromatids can often be seen at pachytene in the attenu- 
ated segment within the nucleolus (see, for example, 
Figure 6A). The image is clear to the eye but is difficult 
to photograph because fluorescence of the thin strands 
fades  rapidly. 
When hematoxylin is used, the nucleolus is com- 
pletely opaque. This detracts from the value of hema- 
toxylin for pachytene analysis but makes  it the  preferred 
stain for  detecting and  counting nucleoli at  interphase 
I1 or  at later divisions ( PERKINS et al. 1980). 
Translocations UK2-32 and NM169d differ from the 
other eight  rearrangements in that  no distal segment 
larger  than  the  normal nucleolus satellite can be seen 
abutting  the nucleolus at pachytene in crosses  homozy- 
gous for  the translocation. As will be shown  below, these 
two translocations are also distinct from the  others in 
that  no rDNA appeared to  have been translocated away 
from the NOR when autoradiograms from CHEF  gels 
were examined. 
Cytological  evidence  that  duplication  breakdown  in- 
volves  physical loss rather  than  inactivation: The usual 
indicators that  a  duplication has broken down are resto- 
ration of fertility in test  crosses and restored expression 
of recessive genes that were originally heterozygous. 
These indicators could result either from physical  loss 
of one duplicated  segment or from its inactivation by 
some mechanism such as repeat-induced point muta- 
tion (RIP) (SELKER 1990) or methylation-induced pre- 
meiotically (MIP) (ROSSIGNOL and FAUGERON 1994). 
Both cytological and molecular evidence show that 
breakdown of the duplications produced by transloca- 
tion AR190 is due to physical  loss. 
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FIGURE 3.-Segments of the ge- 
nome  that can  be obtained as  via- 
ble duplications in progeny of 
crosses  heterozygous for chromo- 
some rearrangements involving 
the nucleolus organizer region of 
linkage group V L .  Linkage groups 
are shown as solid lines. Dashed 
lines indicate extent of the seg- 
ment that is translocated to the 
NOR. Numbers to the right of 
each dashed line identify the rear- 
rangement. 
Eleven single-ascospore isolates from T(IR + VL)AR190 had  undergone  spontaneous breakdown, as evidenced by 
x N d  were identified as duplications by showing that the appearance of recessive marker  phenotypes  in  the ini- 
recessive IR markers were  covered. Each of the strains was tially dominant cultures.  Pachytene chromosomes were ex- 
crossed to wild type. Before being crossed, all the strains amined using orcein stain.  With 10 of the isolates, no  trace 
Apparent sequence 
Parental Initial Speed of after loss  of 
rearrangement fertility"  breakdown duplicated segment 
T(IR + VL) CrKl -35 Barren Variable (rapid) Normal 
In( VR + VL) UK2-y Fertile Rapid 
T(AR -+ VL) UK2-32 
T(IIR + VL) UK4-  2 2 
T(WR -+ VL)UK14-I Barren 
Normal 
Usually normal Partially barren Variable (slow) 




T(IR --+ W)NM169d Barren 
T(IIR -+ VL)ALSI 76 Mostly fertile 
T(IR -+ VL)ALSI 82 Fertile Very rapid 
T(IR -+ VL)ARI 90 Fertile Rapid 







"When crossed by normal sequence $ufh testers. A few ascospores may be produced in  crosses designated 
barren, but  far fewer than in those called fertile. 
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FIGURE 4.-Pachytene pairing of T(IR+ VL.)AR190 X Nor- 
mal. (A) Diagram  showing  the  relation of breakpoints to mark- 
ers, based on genetic  evidence  (recombination  data  and i for- 
mation from marker coverage in duplication progeny). -, 
chromosome 1 (linkage group I); - - -, chromosome 2 (linkage 
group V). If the two bottom centromeres go together to the 
same pole and there is no crossing over in the interstitial 
region between breakpoints and centromeres, the product 
will be  viable and will contain two copies of the  long IR seg- 
ment, as shown in B. (B) Constitution of duplication  progeny 
from ARI90 X Nurmal. (C) The pachytene quadrivalent as 
seen with orcein staining [reproduced with permission from 
BARRY and PERKINS (1969)l. Although  translocation of a small 
NOR segment to the truncated chromosome 1 is inferred 
from molecular evidence, a second nucleolus has not been 
seen and  the short 1L;VL chromosome is not  associated  with 
the nucleolus. 
remained of the translocated IR segment that was initially 
attached to the nucleolus. (Poor staining and spreading 
prevented diagnosis of the eleventh isolate.) Loss of the 
duplicated segment was complete  in  all 10, leaving no stub 
or satellite-like protrusion. Whether loss extended into the 
NOR could not be determined cytologically. 
Extensive molecular evidence has been provided else- 
where that breakdown of AR190 duplications involves 
physical  loss,  with breakpoints  at many  sites  within the 
array of rDNA repeats internal to the NOR (BUTLER 
1992). 
Molecular evidence for translocation of rDNA seg- 
ments: We wanted to know whether any of the translo- 
cation strains have a breakpoint within the NOR. To 
address this issue, we took advantage of the fact that 
the rDNA repeat units of the  rearrangement strains are 
devoid of recognition sites for  the enzyme BclI (BUTLER 
and METZENBEKC 1989, 1990). Therefore, a tandem 
array of  rDNA repeat units will be released intact after 
BcZI digestion of chromosomal DNA. We expect those 
rearrangement strains that have a breakpoint in the 
NOR to yield two rDNA-containing bands: one corre- 
sponding to the NOR on linkage group V and a second 
corresponding to the rDNA displaced by the  rearrange- 
ment. For each strain, intact chromosomal DNA was 
prepared by the  embedded agarose method, digested 
with BclI, fractionated by CHEF gel electrophoresis, 
blotted, and hybridized with a radiolabeled rDNA 
probe  (see MATERIALS AND METHODS). 
Figure 7A shows an analysis  of nine of the rearrange- 
ment strains. [The  tenth  rearrangement, OY321, was al- 
ready  known from several lines of evidence to be broken 
in the NOR (Perkins et al. 1984).] As expected, each 
strain has a very large band that hybridizes  to the rDNA 
probe. This band corresponds to the NOR on linkage 
group V. Strains ALS176, ALS182, AR190, UK2-y, and 
UK141 have a second smaller band that hybridizes to 
the rDNA probe. The second band in UK2-y  is  very large 
and migrates  close  to the NOR on this  gel. The presence 
of a second rDNA band in UK2-y has been confirmed 
with another gel (data not shown). The second rDNA 
band in the UK141 lane is  very faint and is "110 kb  in 
length. NM169d and UK2-32 apparently do  not have a 
second band. (See Figure 7A legend for an explanation 
of the apparent band at 48 kb in UK 2-32.) NM169d 
DNA has been  further analyzed under CHEF conditions 
that change the region of maximum resolution to a 
higher molecular weight range. On such a gel no second 
rDNA band is visible (data  not  shown). Even though it 
is difficult to rule out rigorously the presence of a very 
faint second rDNA band, we favor the idea that  the trans- 
location breakpoints are outside the NOR in these two 
strains. Two of the translocation strains have a compli- 
cated pattern of  rDNA hybridization. UK1-35 and U K 4  
22 have  several rDNA bands smaller than the NOR band. 
The unexpected pattern of  rDNA hybridization may be 
related to the fact that  the translocations in these strains 
were generated by DNA-mediated transformation. 
To further  support  our conclusion that some of  the 
rearrangement strains have a breakpoint within the 
NOR, we asked whether the second rDNA band is genet- 
ically linked to the  rearrangement. We reasoned that if 
the second band is due to a simple reciprocal transloca- 
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A 
V L  
T(Il->vL)OY321 
I L  
B 
n 
V R \ Chmmnsome 2 -
Satellite Y- ' \ I  
FIGURE li."Pachvtene pairing of T(1L + 
VIJOY321 X Nmnnl.  Translocation of a por- 
tion  of  the NOR to IL. was detected cvtologi- 
cally and  confirmed by genetic  and  molecular 
evidence (PERKINS rt nl. 1984, 1986). (A) Dia- 
gram with chromosome l shown as -. (R) 
<;onstitution of duplication progeny  from 
OY321 X Normnl. (C) The pachytene  quadriva- 
lent as seen with orcein  staining  (reproduced 
with permission  from PERKINS r /  crl. 1984).  The 
translocated NOR segment shows organizer 
activity and the chromosome with thr small 
terminal rDNA block is therefore associated 
with the nucleolus, unlike  the  corresponding 
AR190 chromosome shown in Figure 4. 
tion or  inversion with one of the breakpoints in the ALS182, UK2-y and ALS176 to appropriately marked 
NOR, then the band will be linked to the rearrange- normal-sequence strains. Figure 7R shows the analysis 
ment. Alternatively, if the  rearrangement is more com- of seven randomly  collected  translocation-sequence 
plicated than we envision and  the  second rDNA band progeny  from  the ALS182 cross. Each translocation-se- 
results from an ectopic  insertion,  then it may not segre- quence  progeny analyzed has a second rDNA band.  The 
gate with the translocation or  inversion. We crossed same is true  for seven inversion-sequence  progeny  ana- 
r 
FIGURE 6.-Meiotic prophase 
bivalents in asci homozygous for 
rearrangements that involve the 
nucleolus organizer region  (NOR, 
arrows),  compared to normal se- 
quence, as seen by fluorescent 
microscopy following acriflavin 
staining. The NOR5 can be seen 
as attenuated stnlnds within the 
unstained nucleolus  ghost. The 
NOR chromosome is ShoWll in an 
interpretive drawing to the right 
of each  photomicrograph. Bar, .5 
pm. (A). Normal NOR chromo- 
some  at pachytene. (B) Transloca- 
tion UKl-35, pachytene chromo- 
somes. The  long translocated 
segment of IR  is now attached to 
VL, extending beyond the NOR. 
(C) UKl-3.5, condensed  diplotene 
chromosomes. (D) Inversion UWy, 
pachytene chromosomes. A long 
distal segment from the  opposite 
arm of V is now attached to the 
NOR and  extends bevond it. 
916 D. D. Perkins el dl. 
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FIGURE 7.-Molecular  evidence  for rearrangement  break- 
points within the NOR. (A) Two autoradiograms of BdIdi- 
gested  chromosomal DNA from rearrangement  s rains 
UK14-1 and UK4-2'2. The  Southern blots were probed with 
radiolabeled plasmids pRW528 (left) or pMF2 (right). The 
CHEF gel electrophoresis  conditions were  30-sec  pulse  time 
at 140 V for 24 hr. Concatamers of phage  lambda  were  used 
as size  markers and  are  represented between the two autora- 
diograms.  Numbers  refer  to  sizes in kilobase  pairs. The  appar- 
ent band at -48  kb in the  right  panel is due to a small region 
of  poor  resolution (VOILRATH and DAVIS 1987);  random  deg- 
radation products, which typically form a light background 
in the well  resolving  regions  of the  gel,  become  concentrated 
in the region of the gel giving the appearance of a band. 
(B) Autoradiogram  of  Bcll-digested  chromosomal DNA from 
translocation  sequence  progeny  of  ALS182 X normal se- 
quence.  The  Southern  blot was probed with radiolabeled  plas- 
mid  pRW528. The CHEF gel electrophoresis  conditions were 
30-sec  pulse  time at 130 V for 22 hr. Concatamers  of  phage 
lambda  were  used as size  markers and are  represented at the 
right side of the autoradiogram. Numbers refer to sizes in 
kilobase pairs. A similar  autoradiogram was published by BUT- 
LER and METZENRERG (1990). 
NMl69d,  ALSl76,  ALS182,  AR190, UKl-35, UK2-y, UK2-32, 
lyzed from the UK2-y cross (data  not  shown). From the 
ALSl76 cross, three translocationsequence progeny, 
three normal-sequence progeny, and  three duplication 
progeny were recovered for analysis.  From this cross, the 
second rDNA band was seen only in the translocation- 
sequence progeny (data  not  shown).  These r sults dem- 
onstrate  complete linkage of the second rDNA band to 
the  rearrangement in the  three strains examined. 
Genetic evidence that at least some of the NOR- 
l i e d  rearrangements have nonterminal breaks: In- 
tercrosses between translocations that  share  the same 
donor chromosome can provide relevant information. 
When two rearrangements are intercrossed that  share 
the same chromosome  arms, and  the breakpoints are 
appropriately  staggered,  random segregation produces 
a class of viable recombinant progeny that  are dupli- 
cated  for segments between the breakpoints (Figure 8, 
A and B). The patterns of aborted ascospores in  individ- 
ual asci from such an intercross are similar to those 
produced when an insertional translocation is crossed 
to normal sequence. Asci are predominantly 8B:OW, 
6B:2W, and 4B:4W. With intercrossed reciprocal trans- 
locations, however, the 8B:OW asci contain four asco- 
spores of each parental translocation type whereas with 
Insertional translocation X Nonnal, each 8B:OW ascus con- 
tains four translocation ascospores and four normal 
(see PERKINS and BARRY 1977). When intercrosses are 
made among  the  four IR + VL translocations and be- 
tween the two  IIR + VL translocations (Table 3), viable 
duplications are found and the ascus types are those 
expected of duplication-producing combinations. One- 
third of the viable progeny from such an intercross are 
expected  to carry the first parental translocation, one- 
third the second translocation, and one-third are ex- 
pected to be duplications. This is approximated  for all 
but  one of the intercrosses. 
In addition to these three expected progeny geno- 
types, we were surprised  to observe a small but signifi- 
cant  number of normal-sequence progeny from several 
of the translocation intercrosses. These could not be 
explained by simple segmental loss. A parental re- 
arrangement  sequence might be restored if one of the 
duplicated segments were deleted,  but  there is no way 
that a normal-sequence derivative could be  produced 
by deletion.  Some of the normal-sequence strains origi- 
nated as fertile vegetative  derivatives  of fl cultures  that 
were initially barren when crossed with  normal-se- 
quence testers. After a lag, such cultures (or individual 
perithecia in the crosses testing them) acquired both 
full fertility and normal  sequence.  Others of the unex- 
pected normal-sequence progeny from TI  X T2 were 
fully fertile when first tested, without having passed 
through any barren stage that would suggest their ori- 
gin as duplications. 
We were initially at a loss to explain the origin of 
the normal-sequence derivatives, which would not be 
produced by the events diagrammed in  Figure 8B. An 
explanation was provided, however, when we realized 
that  the Figure 8B diagram is oversimplified  because  it 
shows the  interbreakpoint regions looped out  and un- 
paired. Normalaequence progeny can be derived if the 
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c. PAIRING  COMPLETE  IN Tt X T 2  
MEIOTIC PAIRING CROSSOVER PRCiJUCE 
AND 
7-3 
D. MITOTIC  PAlRlNO  IN  DUPLICATION FROM B 
CROSSOVER PRCiJUClS 
FIGURE 8,"Examples showing how normal sequence might 
be restored in crosses between two overlapping  translocations 
that involve the same two chromosome  arms.  The  diagrams 
are simplified by showing only two of the four chromatids 
and their products. Numerous other scenarios are possible 
that would restore normal sequence. In addition to an  acen- 
tric ring,  possible  products  include a triplication (not shown). 
(A) Constitution of translocations TI and Te relative to normal 
sequence. (B) Partial pairing at pachytene in the TI X T2 
intercross.  The  intervals  between  breakpoints  are shown 
looped  out as unpaired  segments.  Random  segregation  would 
produce  three  equally  probable  classes of viable  progeny, T,, 
T P ,  and  duplication. (C) Configuration with complete pairing 
at pachytene in the same intercross.  Certain  double crossovers 
involving the two interbreakpoint regions would result in a 
normal-sequence recombinant product. (D) Intrachromoso- 
mal pairing in the duplication  progeny from B. Normal se- 
quence could be generated by two simultaneous or successive 
mitotic recombination  events.  These  could occur either vege- 
tatively or during  the divisions  between fertilization and karyo- 
gamy  in a test cross. 
looped-out segments pair and crossing  over occurs 
within them. Normal-sequence chromosomes might be 
generated in various ways, either meiotically or mitoti- 
cally, and by a combination of either simultaneous or 
successive  events. One meiotic scenario is  given  in Figure 
8C, where homologous loci are completely paired and 
normal sequence can be restored when reciprocal cross- 
ing over occurs between appropriate chromatids in each 
of the two interbreakpoint regions, 2-3 and 6-7.  Nor- 
mal sequence might also  be restored following two simul- 
taneous or successive mitotic exchanges in a duplication- 
bearing nucleus, either  during  the vegetative phase or 
in the ascogeneous hyphae before karyogamy in the 
cross  used for  a progeny test, as in  Figure 8D. 
The foregoing  reasoning would apply to intercrosses 
whether or  not participating  rearrangements involved 
the NOR. If such a mechanism is responsible for pro- 
ducing normal-sequence progeny in the intercrosses in 
Table 3, it follows that  the  breakpoint in the NOR chro- 
mosome must be nonterminal  for  at least one of the 
translocations of each pair. The reason is that two cross- 
overs are  required,  one in the duplicated interval be- 
tween breakpoints in the non-NOR chromosome and 
the second in the duplicated interval between NOR- 
linked breakpoints. 
DISCUSSION 
Studies employing the NOR in  conjunction with 
chromosome  rearrangements have long played an im- 
portant role in the cytogenetics of plants and animals, 
beginning with MCCLINTOCK'S 1934 study of a maize 
translocation that divided the nucleolus organizer  into 
two functional parts, similar to translocation OY321 in 
Neurospora.  In maize, 22 translocations are now known 
that have one break in the NOR (PHILLIPS 1994).  These 
have enabled  functions to be assigned to cytologically 
distinct regions of the  organizer (reviewed by PHII,I.IPS 
1978). Two similar translocations have been  studied in 
barley (ANASTASSOVA-KRISTEVA et nl. 1977). The first 
modern molecular-genetic studies of Drosophila used 
chromosome  rearrangements to vary  rDNA dosage (RL 
TOSSA and SPIEGELMAN 1965; RITOSSA et al. 1966). 
The nucleolus and nucleolus organizer region have 
been  important  for fungal cytogenetics ever since they 
were described and assigned to the  short  arm of chro- 
mosome 2 in Neurospora by MCCLINTOCK (1945). ST. 
LAWRENCE (1953)  found the first Neurospora transloca- 
tion with a  breakpoint in the NOR. Translocations that 
involved the NOR chromosome were used to equate 
chromosome 2 with linkage group V (PHILLIPS 1967) 
and to assign other genetic linkage groups to specific 
chromosomes (reviewed by PERKINS and BARRY 1977). 
Absence of the nucleolus satellite was used  as a cytologi- 
cal marker to map  the NOR at  the left end of linkage 
group V (BARRY and PERKINS 1969). 
With the  advent of molecular biology, the NOR was 
shown to contain 100-200 direct  tandem repeats of a 
segment specifying 17S,  5.8S, and  25s ribosomal R N A s ,  
with the repeats separated by nontranscribed spacers 
918 D. D. Perkins et al. 
TABLE 3 
Results of intercrossing NOR translocations that involve  the  same chromosome arms 
Unordered ascus  typ s" Are barren Are normal- 
Number duplication  progeny  sequence  progeny 
Parent  translocations 8:O 6:2 4:4 2:6 0:s of asci produced?' produced? 
Both T(IR -+ E): 
UK1-35 X NM169d 26  52 19 0 2 99 Yes (17/41) 
UK1-35 X ALS182 11  67 15 4 0 54 Yes (5/17) 
UK1-35 X AR190' 1 26 59 7 8 167 Yes (1 1/40) 
NM169d X ALS182 20 60 17 3 0 110 Yes (41/154) 
NM169d X AR190 28 58 14 0 0 154 Yes (29/74) 
ALS182 x m190 23  54 20 1 2 153 Yes (65/ 162) 
Both T(IIR + VL): 








8B:OW and 4B:4W are  expected  to  be  equally frequent, while the  frequency of 6B:2W depends on crossing over the centromere- 
" Ratios are b1ack:white  ascospores.  Tabular numbers are  percentages. 
'The nonduplication  progeny  are predominantly translocations of one or the  other  parental  type. 
' We have no  explanation for the  anomalous ratios from  UK1-35 X AR190. 
breakpoint  intervals. 
(FREE et al. 1979; COX and PEDEN 1979; RUSSELL et al. 
1984).  (Genes  that specify 5s RNA are not included in 
the NOR.) Duplication strains with two NORs were 
shown to reduce  the  number of rDNA repeats during 
vegetative growth, while strains with only part of the 
NOR  were  shown to increase the  repeat number (ROD- 
LAND and RUSSELL 1982, 1983; RUSSELL and RODLAND 
1986). Restriction fragment  length polymorphisms 
were identified in the spacer regions of wild strains 
(RUSSELL et al. 1984). All spacers in the same strain are 
similar, and spacer type shows Mendelian inheritance 
(RUSSELL et al. 1988).  A mixed NOR  with segments hav- 
ing  different spacers has been  obtained experimentally 
as a result of crossing over (BUTLER and METZENBERC 
1990). Reversion of translocation OY321 from rear- 
rangement sequence to genetically normal sequence 
was shown to occur by reciprocal recombination be- 
tween  rDNA repeats  in  the original and the displaced 
portions of the divided NOR. rDNA in the  short dis- 
placed interstitial NOR segment of  OY321  was seen to 
become methylated (PERKINS et al. 1986). Changes in 
NOR size (number of rDNA repeats) were shown to 
occur  during  the sexual stage of the life  cycle, primarily 
before meiosis; exchanges within chromatids and un- 
equal exchanges between sister chromatids were both 
shown to occur (BUTLER and METZENBERC 1989,1990). 
Translocations AR190 and OY321 were used to demon- 
strate that ribosomal DNA  is a  preferred site of breakage 
when duplication strains revert to the  euploid  condition 
by loss  of a  duplicated  segment. Loss occurs by breakage 
at various  sites within the NOR, and  the  broken  end is 
capped by a new telomere (BUTLER 1992). 
Until molecular evidence was obtained to the con- 
trary, we had assumed that VL breakpoints were distal 
to the NOR in the  rearrangements other than OY321. 
This assumption was consistent with both  genetic and 
cytological observations. Genetically, viability of one du- 
plication class  of progeny from T X N indicated  that  a 
VL break must be distal to all essential single-copy 
genes. Cytologically, no small second nucleolus was 
seen except with OY321. Pachytene nuclei have been 
examined most carefully for AR190 X Nmmal. These 
provided no indication of a nonterminal breakpoint 
in the NOR, the tip of the shortened centric donor 
chromosome 1, which is the expected site of translo- 
cated rDNA in AR190, remained  free and unassociated 
with the single, large nucleolus (Figure 4C), whereas 
fusion would  usually be expected to occur if it possessed 
nucleolus-forming activity similar to that of  OY321 (Fig- 
ure  5C). 
Contrary to the negative evidence from conventional 
cytogenetics, molecular evidence has now shown that 
we were incorrect to assume that VL breakpoints were 
distal to the NOR. The second small block of rDNA 
seen migrating on CHEF gels independently of the 
main array shows that  a distal NOR segment has been 
translocated reciprocally to the non-NOR chromosome 
arm in all but two of the  rearrangements. Failure of the 
translocated segment  to show cytologically detectable 
nucleolus-forming activity may be either because it is 
too small or because it is inactive in its new location. 
The translocated block of  rDNA genes in translocation 
T(IL -+ K)OY321 is not subject to these restrictions and 
remains capable of forming  a  second nucleolus in its 
new position on chromosome 1 (PERKINS et al. 1984). 
Only in NM169d and UK2-32 does the NOR appear to 
have remained intact. 
Division  of the NOR into two functional parts has been 
reported also by ZICKLER et al. (1985) in an aberrant 
strain of Swhria rnacrospora, where ectopic insertion of 
rDNA apparently disrupted a  gene and produced  a mu- 
tant phenotype inseparable from the  rearrangement. 
The 10 rearrangements considered here make up 
-3% of  all the  mapped rearrangements in Neurospora. 
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This frequency, together with  evidence that rDNA seg- 
ments undergo  frequent breakage in duplications from 
T(ZR "* Z)AR190 (BUTLER 1992), might suggest that the 
NOR  is especially  likely  to be involved  in gross chromo- 
some rearrangements. The observed frequency does not 
require this assumption, however. When all Neurospora 
rearrangements are considered, the distribution of 
breakpoints among the seven chromosomes is approxi- 
mately proportional to the length and DNA content of 
the individual chromosomes (PERKINS 1992). The num- 
ber of tandem repeat units of  rDNA in the NOR  varies 
from strain to strain, but 150  copies may be considered 
a representative value (BUTLER and METZENBERG 1989). 
Each  rDNA  copy  consists  of  -9.3  kb (RUSSELL et al. 1984) 
for a total of -1400 kb. The haploid Neurospora ge- 
nome totals  40-43 mb (ORBACH 1992;  see  also PERKINS 
1990). Thus, rDNA  of the NOR  makes up -3% of the 
total, while 3% of rearrangements involve the NOR. 
For  pairs of translocations that do not involve the NOR, 
restoration of normal sequence by crossing over, as in 
the Figure 8C scenario, would require that breakpoints 
of the two translocations be displaced in both of the 
chromosomes they share and that the breaks be stag- 
gered in a particular way, with TI proximal, T2 distal  in 
one chromosome and TI distal, T2 proximal  in the other. 
If the TI breaks  were both distal or both proximal, inter- 
breakpoint crossovers  would not result  in  normal-se- 
quence products. For pairs of translocations that have 
breaks within the -150 tandem rDNA repeats of the 
1400-kb  NOR,  however, the requirement for breakpoint 
displacement and for mode of staggering  can be circum- 
vented if pairing of  NOR repeats is not always in  register. 
Ability to generate normal-sequence  progeny  would then 
no longer depend upon whether one breakpoint in the 
NOR  is left or right of the other, because  out-of-register 
pairing would  be  capable of shifting the relative  positions 
of the breaks from TI  and T2 identical or  TI left, T2 right 
to TI right, T2 left. The  number of  rDNA repeats in the 
derived  normal-sequence product would  be altered when 
such a shift occurred. BUTLER and METZENBERG (1989, 
1990) have  shown that changes in rDNA repeat number 
occur premeiotically and that they  result  from  crossing 
over  between  sister chromatids. In contrast, the crossing 
over that produces normalsequence progeny in T, X 
T2 intercrosses  must involve nonsister chromatids rather 
than sisters. 
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APPENDIX 
Summary  information  on  rearrangements  that  involve 
the  nucleolus  organizer  region 
Published and previously unpublished  data  are 
brought  ogether  here  on  the 10 rearrangements 
known  to  involve the NOR  of N. crassa. All behave genet- 
ically as quasiterminal rearrangements,  although some 
are physically and cytologically reciprocal. Results de- 
scribed in the  present  paper  are  included. FGSC num- 
bers specify strains recommended as standards. 
T(IR + vL)UK1-35 A  segment of IR including al-2 
and markers distal to it is translocated to VL in ex- 
change  for  a small terminal  segment of the NOR ( T -  
caf-1, 4/17; cyh-1-dgr-1, 1/9). Wild phenotype. Homo- 
zygous-fertile. T X N ascospores 75% black; unordered 
asci 16%, 8:O; 60%, 6:2; 22%, 4:4; 0%, 2:6; 1%, O:8 
(b1ack:white ascospores, 91 asci). Acriflavin-stained  pa- 
chytene chromosomes of 7‘ x 7‘ show attenuated 
threads extending through the interstitial nucleolus 
and a 2- to 3-pm-long translocation segment distal to 
the NOR.  Viable duplication progeny are  produced in 
crosses X T(IR -+ VL)NMl69d, T(ZR -+ vII)ALSl82, and 
T(IR -+ VLJARl90, all of which also involve the NOR. 
On CHEF gels this strain has several BclI bands that 
weakly hybridize to the rDNA plasmid probe, in addi- 
tion to the main NOR band.  One  band is -240  kb in 
length and another is <48 kb. Origin: In A m +  trans- 
formant of  am ure-2; cot-1 A (PERKINS et al. 1993). FGSC 
6881 (A), 6882 (a). Duplications: Dp(IR -+ VL)UKl-35. 
In one-third of viable progeny from T X N. These vary 
from barren to fertile, readily breaking down to give 
95% black ascospores in crosses X normal sequence. 
Vegetatively normal. Markers  shown covered: al-2 nic-1 
os-1 K un-18. Markers shown not covered: mt cr-1 thi-1 
nit-1 cyh-1. 
I n ( n  + VL)UK2y am: A  segment of VR including 
markers right of am is transferred to VL in exchange 
for  a small terminal segment of the NOR (In-dgr-1, O/ 
40), creating a pericentric inversion. Am- phenotype. 
Break in the BamHI fragment of  am confirmed by 
Southern analysis (J. A. KINSEY, personal communica- 
tion). Homozygous-fertile. In X N ascospores 75% 
black; unordered asci 14%, 8:O; 74%, 62;  12%, 4:4; 0%, 
2:6; O%,  0:8 (b1ack:white ascospores, 99 asci). Acriflavin- 
stained pachytene chromosomes of In  X In show attenu- 
ated  threads  extending  through  the interstitial nucleo- 
lus and a 3-pm-long segment beyond the NOR. Orcein- 
stained pachytene chromosomes of In X N show in- 
verted pairing of chromosome 2 in a  loop. On CHEF 
gels  this strain has a very large BclI band  that hybridizes 
weakly to the rDNA plasmid, in addition to the main 
NOR band.  Under  the  conditions  used,  the  additional 
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rDNA band migrates very near  the NOR band at  the 
top of the gel. It is thus impossible to know its size. 
Origin: In A m +  transformant of am in1 (PERKINS et al. 
1993). FGSC  7245 (A), 7246 (a). Duplications: Dp(W + 
n)UK2y. In  about one-third of  viable progeny from In 
X N Not barren. Vegetatively unstable, losing displaced 
segment. Markers shown covered: al-3 pyr-6 oak his-6. 
Markers  shown not covered: at, 45-2. 
T(MZ + m)UK232 A  segment of IVR containing 
nit-3 and cys-4 is translocated to VL near  the NOR ( T -  
dgr-I, 1/13; T-caf-I, 3/13). Normal phenotype. Homo- 
zygous-fertile. T x N ascospores 75%  black; unordered 
asci IS%, 8:O; 7176, 6:2; 12%, 4:4; 0%, 2:6; 0%, 0:s 
(b1ack:white ascospores, 112 asci). Defective ascospores 
are full size and darken with age. T progeny are in 
deficit relative to Nand Dp. Acriflavin-stained pachytene 
chromosomes of T x T show attenuated threads ex- 
tending through the nucleolus but no segment ex- 
tending distal to it. From the CHEF  gel autoradiogram, 
this strain does  not  appear to have a bona$de additional 
rDNA band. Origin: In A m +  transformant of am inl 
(PERKINS et al. 1993). FGSC 7294 (A), 7295 (a). Duplica- 
tions: Dp(n/R+  W)UK2-32. In about  one-third of  viable 
progeny from T X N. Dp progeny outnumber T. Vegeta- 
tively normal. Temporarily barren in  crosses,  with un- 
beaked perithecia, some of  which then become fertile 
and eject ascospores, usually 95% black. Sometimes 
only a few spores are  shot  but sometimes many.  Markers 
shown covered: nit-?, pyr-2, cys-4. Markers shown not 
covered: cot-I, pan-I. 
T(IIR + VL)UK4-22 A  segment of IIR ( T-pe, 0/46; 
T - a w l ,  0/23) is transferred to VL in exchange for  a 
small terminal segment of the NOR (T-dgr-I, 0/18). 
Wild phenotype. Homozygous-fertile. One aneuploid 
class  of progeny from T X N may germinate and die or 
may survive and grow slowly. T X N ascospores 75% 
black; unordered asci IS%, 8:O; 47%, 6:2; 3376, 4:4; 
0%, 2:6; 1%, 0:8 (blackwhite ascospores, 215 asci). 
Acriflavin-stained pachytene chromosomes of T X T 
show attenuated  threads  extending  through  the int rsti- 
tial nucleolus and a 2-pm-long segment beyond the 
NOR. Barren duplication progeny are produced in 
crosses  of UK4-22 X T(IIR 4 W)ALSI 76. On CHEF  gels, 
this strain has three bands in addition to that of the 
main NOR.  Each  hybridizes quite strongly to the rDNA 
plasmid probe. One band is -1 10 kb, the second is 
-220 kb, and the  third  band is too large for its  size to 
be estimated accurately. Origin: In Amf transformant 
of al"; am a (PERKINS et al. 1993). FGSC  7129 (A), 7130 
(a). Duplications: Dp(IIR -+ W)UK4-22. Variable in via- 
bility, vigor and barrenness.  In some crosses, duplica- 
tion progeny germinate and die. In  other crosses, some 
Dp progeny became fertile and shoot many ascospores. 
Markers shown covered: arg-12,  ure-3, probably trp-3. 
Markers  shown not covered: arg-5, pe. 
T(FTR + m)UK141: A distal segment of VIR right 
of un-23 (T-un-23, 5/38; T-tqb-2, 4/48) is transferred 
to VL in exchange for  a small terminal segment of the 
NOR. (T-dgr-I, 0/15; left of caf-I, 4/60). Normal phe- 
notype. Homozygous-fertile.  Deficiency ascospores are 
large and become brown. T X N ascospores >75% 
black; unordered asci 35%, 8:O; 46%, 6:2; 18%, 4:4; 1%, 
2:6; 0%, 0:8  (b1ack:white ascospores, 95 asci). Acriflavin- 
stained pachytene chromosomes of T X T show attenu- 
ated  threads  extending  through  the interstitial nucleo- 
lus and a 1- to 2-pm-long segment beyond the NOR. 
On CHEF gels this strain has one additional band of 
-110 kb that hybridizes weakly to the rDNA plasmid 
probe. Origin: Regenerated protoplast, OR23- 1VA 
(PERKINS and KINSEY 1993). FGSC 6958 (A), 6959 (a). 
Duplications: Dp(VIR+ W)UK14-I. In one-third or less 
of viable progeny from T X N. Vegetatively normal. 
Barren in crosses.  Markers  shown covered: ws-I. Mark- 
ers shown not covered: 4s-5, ylel, t*2, un-23. 
T(ZR + W)NM269d: A small terminal segment of  IR 
containing un-18 is translocated to VL near  the NOR. 
Wild phenotype. Homozygous-fertile. T X Nascospores 
>75% black; unordered asci 29%, 8:O; 54%, 6:2; lo%, 
4:4; 6%, 2:6; 1%, 0:8  (b1ack:white ascospores, 124 asci). 
Pachytene pairing is  as bivalents in T X N crosses. Mis- 
matched ends of chromosome 1 are seen with some 
consistency  in T X N, confirming the IR aberration,  but 
no consistent abnormal size difference has been  found 
for the nucleolus satellites. The VL breakpoint is distal 
to all essential single-copy genes as evidenced by survival 
of progeny duplicated for the IR segment. No  rDNA  is 
present ectopically. Acriflavin-stained pachytene chro- 
mosomes of T X T show attenuated  threads  extending 
through  the nucleolus but  no segment extending distal 
to it. un-18 is closely linked to mt,  leu-?, and caf-I when 
T(IR+  W)NMl69d is crossed X T(IL + W)OY321. Bar- 
ren duplication progeny are produced in crosses of 
NM169d with T(IR + W ) U K I - ? ,  T(IR + cZ)ALS182, 
and T(IR + W)ARI90. (Duplications from the latter 
include most  of  IR.) Genetic analysis by B. C. TURNER 
and PERKINS (unpublished data). Origin: Em a, U V .  
FGSC 2279 (A), 2280 (a). Duplications: Dp(IR "+ 
W)NM169d. Stably barren in most  crosses by nondupli- 
cation, but Dps sometimes break down by loss  of the 
IR segment. Markers shown covered: un-18. Markers 
shown not covered: are-8, R also het-5 (D. J. JACOBSON, 
personal communication). Duplications from crosses 
X R (Round spore) possess the vegetative morphology 
characteristic of R. This morphology is known from 
other  rearrangements to be recessive when a duplica- 
tion is heterozygous R/Ri. R is therefore  not covered 
(B. C. TURNER, personal communication). 
T(RR+ F55)AZ.S 76: The  entire IIR arm (breakpoint 
between bal, Cen and arg-5) is translocated to VL in 
exchange for  a small terminal segment of the NOR, as 
evidenced by the presence of ectopic rDNA (Figure 7). 
Wild phenotype. Homozygous-fertile. T x Nascospores 
75% black, or less; unordered asci 24%, 8:O; 4376,  6:2; 
28%, 4:4; 3%, 2:6; 2%, 0:8 (b1ack:white ascospores, 126 
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asci). At pachytene (and ensuing telophases) the  long 
arm of chromosome 6 is seen attached to the nucleolus. 
All four meiotic products  from T X N  contain one  nu- 
cleolus per nucleus (PERKINS et al. 1980). Acriflavin- 
stained pachytene chromosomes of T X T show attenu- 
ated  threads  extending  through  the interstitial nucleo- 
lus and a 3-pm-long segment distal to it. Electrophoretic 
karyotype (ORBACH et al. 1988). Used to identify and 
study vegetative incompatibility attributed to het-d ( A R -  
GANOZA et al. 1994; see PERKINS et al. 1993). Origin: rg- 
I cr-1 a, UV. FGSC 2414 (A), 3014 (a)  are het-D: FGSC 
3013 (A), 2415 (a) are het-d. Duplications: Dp(IIR + 
VL)ALSI 76. In one-third of  viable progeny from T X 
N. Initially thin, transparent, slow growth. Not stably 
barren in crosses by nonduplication, mostly behaving 
like fertile normal sequence. Markers shown covered: 
arg-5, aro-3, cpt, arg-12, 3, un-15, het-d. Markers shown 
not covered in simple duplications: bal, pyr-4. The sim- 
ple duplications cover  all  known IIR markers. In addi- 
tion, IIL markers are sometimes found to be heterozy- 
gous, supposedly in disomics from 3:l segregations. 
These  occur with frequencies of  several percent. If het- 
c in IIL is heterozygous, a few brown-flat inhibited het- 
C/het-c duplications are seen, presumably nondisjunc- 
tional in origin. 
T(IR -+ FZ)ALS182 A segment of  IR containing met-6 
and markers distal to it is translocated to VL in ex- 
change for a small terminal segment of the NOR, as 
evidenced by the  presence of ectopic rDNA (Figure 7). 
(T-thi-I, 2/29; T-met-6, 1/29; thi-I-met-6, 27/53 in T 
X T.) Wild phenotype. Homozygous-fertile. T X Nasco 
spores 75% black; unordered asci 29%, 8:O; 37%, 6:2; 
26%, 4:4; 4%, 2:6; 596, 0:s (b1ack:white ascospores, 164 
asci). The translocated segment of chromosome 1 is 
seen abutting  the nucleolus at pachytene in T X N.  All 
four meiotic products from T X N  contain one nucleo- 
lus per nucleus (PERKINS et al. 1980). Acriflavin-stained 
pachytene chromosomes of T X T show attenuated 
threads extending through the nucleolus and a long 
chromosomal segment appended distal to it. Barren 
duplication progeny are  produced in crosses  of ALSl82 
with T(IR -+ VL)rrrCl-35, T(IR + VL)NMI 69d, and T(IR + 
VL)ARI 90. Duplications from AIS182 X ALSl90  include 
his-2 through thi-1 but do  not include un-2 proximally 
or met-6 distally; these were used by METZENBERC and 
CHIA (1979) to determine dominance relationships at 
the nuc-1 locus. Origin: rg-1 cr-I a, UV. FGSC 2973 (A), 
2974 (a). Duplications: Dp(IR+ K)ALS182. In one-third 
of  viable progeny from T X N. Vegetative morphology 
of duplications is perhaps flat initially.  If barren, only 
fleetingly, quickly becoming fully fertile and behaving 
as normal  sequence. When gene R (Round spore) is het- 
erozygous, both R and ascospores result. When a1 is 
heterozygous, albino vegetative sectors are  seen. Mark- 
ers shown covered: met-6, we-2, er-2, ad-9, cyh-I, al-2, R, 
un-18. Markers  shown not covered: thi-1. 
T(ZR -+ FZ)AR190: Nearly the  entire  long  arm of I, 
including his-2 and markers right of it, is translocated 
to VL in exchange  for  a small terminal segment of the 
NOR, as evidenced by the presence of ectopic rDNA 
(Figure 7) (BUTLER 1992). Wild phenotype. Homozy- 
gous-fertile. T X Nascospores 75% black or  more; unor- 
dered asci 28%, 8:O; 54%, 6:2; IS%, 4:4; 0%, 2:6; 0%, 
0:8 (b1ack:white ascospores, 287 asci). In pachytene 
quadrivalents, the breakpoint in chromosome I is at 
the a or b chromomere and that in chromosome 2 
appears to be distal to the NOR (Figure 4). All four 
meiotic products from T X N normally contain one 
nucleolus per nucleus (PERKINS et nl. 1980). Used by 
ISHII et nl. (1991) to map mus-18 and by BUTLER (1992) 
to study chromosome breakage. Barren duplication 
progeny are  produced in crosses of ARI 90 with T(IR --f 
VL)UKI-35, T(IR -+ VL)NM169d, and T(IR -+ VL)- 
ALSl82. Duplications from intercrossing ARI 90 X 
ALS182 include  the loci his-2 through thi-I, but not un- 
2 proximally or met-6 distally. Origin: OR23-1A, UV. 
FGSC 1951 (A), 1952 (a). Duplications: Dp(IR -+ 
VL)ARI90. One-third of viable progeny from T X N. 
Growth of duplication strains is initially slow after asco- 
spore germination. Duplications break down vegeta- 
tively and premeiotically by complete loss of the IR 
segment from the translocation sequence, resulting in 
normal  sequence. Barrenness is transient, making du- 
plications difficult to score except by complementation 
of included recessive markers. Somatic sectoring is of- 
ten seen when albino is heterozygous. The duplication 
is not transmitted to progeny. Genetically, his-2+ is lost 
when duplications break down in progeny from ARI 90 
his-2+ X normal sequence his-2. Broken-down duplica- 
tions are seen cytologically to have lost the complete 
translocated segment, leaving no stub or satellite distal 
to the NOR.  Used by CATCHESIDE (1969) to test comple- 
mentation  among  albino  mutants and by BUTLER 
(1992) to study chromosome breakage and healing by 
addition of  new telomeres. Markers shown covered: hzs- 
2, nuc-I, met-10, ad-3A,  nic-2, cr-I, cyh-I, 131-2, d l ,  R. 
Markers shown not covered: un-2, os-4, sn. 
T(ZL + VL)OY321: A distal IL segment  including qt-  
I and markers left of it is translocated to VL in  exchange 
for  a  terminal  segment of the NOR. For a  detailed ac- 
count see PERKINS et al. (1984). See Figure 5 for pachy- 
tene pairing in  the  rearrangement heterozygote. Wild 
phenotype. Homozygous-fertile. Ascospore production 
is reduced in T X N. 7’ X N ascospores 75% black; 
unordered asci -42%, 8:O; 43%, 6:2; 14%, 4:4; 1%, 2:6; 
0%, 0:8 (b1ack:white ascospores, 130 asci). Nucleolus- 
forming activity is retained by each of the two NO  seg- 
ments; two nucleoli can be seen in the same nucleus 
when nucleoli have not fused. In asci from T X N, 
at least one nucleolus is present in nuclei of all eight 
ascospores. In crosses homozygous for the transloca- 
tion, meiotic pairing and crossing over sometimes occur 
between the rDNA sequences that are in the original 
and  the displaced positions. This restores an essentially 
Neurospora NOR Rearrangements 923 
normal sequence in -0.5% of progeny [quasinormal 
sequence (QNS) ] (PERKINS et al. 1986). QNS strains 
have been used to study methylation of rDNA (PERKINS 
et al. 1986) and changes in number of rDNA repeats 
(BUTLER and METZENBERG 1989, 1990). Origin: al-2 a, 
W. FGSC 3746 (A), 3747 (a). Duplications: Dp(IL + 
W)OY321. In  one-third of surviving progeny from T X 
N. Vegetative growth initially  slower than  normal. Most 
duplication strains are initially barren or partially bar- 
ren in crosses, usually shooting  a few ascospores, some 
of which are white and inviable. Duplication strains 
sometimes become fertile, producing abundant asco- 
spores, which may be 90% black or may include  enough 
white spores to be confused with the T parent. Dp(IL -+ 
VL)OY321 strains receive only the proximal portion of 
the NOR, in one dose, and  are deficient for  the distal 
portion and  the satellite. The  number of rRNA genes 
increases in these strains during vegetative growth fol- 
lowing ascospore germination (RUSSELL and RODLAND 
1986). Markers shown covered: cyt-1, leu-3, nit-2, ro-10. 
Markers shown not covered: leu-4, ser-3, mt. QNS dupli- 
cations: Dp(VL + IL)QNS. In -0.5% of progeny from 
T(IL + m)OY321 X T{IL + T/Z)OY321. QNS strains are 
normal  in  phenotype and marker  sequence  although  a 
displaced block of tandem rRNA genes is  now present 
in IL between cyt-1 and leu-4 (Perkins et al. 1986).  The 
number of rDNA repeats may  va’y from one QNS  iso- 
late to another  and  among progeny from QNS X nor- 
mal or QNS X QNS (BUTLER and METZENBERC 1989, 
1990). Used by BUTLER (1992) to show that ectopic 
rDNA  is prone to breakage. FGSC 5380 (Dp(T/Z ”+ 
IL)QNS-1 A )  . 
